Abstract: Fort Carson is situated in southeastern Colorado where selenium (Se) occurs naturally in erosive geological formations. Due to both water and wind erosion on the military base, deposition of seleniferous sediments can augment soil Se levels, often exceeding the suitable management level of 0.5 mg/kg extractable Se and creating the potential for some vegetation to accumulate more than the 5 mg Se/kg total plant Se concentrations that are of concern for food chain transfer. Our objective was to locate areas in Fort Carson where plant Se concentrations can occur at levels high enough to impact wildlife, and where programs for prevention and control of soil erosion might be implemented. Soil, geology and vegetation attributes were identified in GIS coverages for sampled descriptive units exceeding suitable Se levels (> 5.0 mg Se/kg in plants, > 0.5 mg Se/kg in soils), which were then used to project the potential for similar Se levels in comparable units that were not sampled. Plant Se levels followed the order: forbs > shrubs > grasses > trees; no sampled tree material exceeded the Se suitability limit. Plant Se uptake was not necessarily dependent upon land disturbance or Se concentration in soils; however, areas having the highest plant and soil Se concentrations were primarily coincident with areas of greatest plant productivity, plentiful water supply, and soils derived from or overlying Cretaceous shales.
Introduction
Selenium (Se) is a naturally occurring element in the environment, with its source being predominantly geologic materials of Cretaceous and Tertiary age (Mayland et al., 1994; Presser, 1994) . Upon weathering of these materials, elemental Se is oxidized to the anionic Se species selenite (SeO 3 2-) and selenate (SeO 4 2-). Chemical transformation and transport by water processes create a bioavailable form of Se which can be taken up by plants that are potentially consumed by animals, while SeO 3 2-is readily adsorbed to soils (Neal and Sposito 1989) .
Seleniferous soils are commonly found in environments with an arid or semi-arid climate, yet
Se distribution and concentration can vary widely over very short geographic distances (Poole et al., 1994; Wahl et al., 1994) . Seleniferous geologic materials that underlie many of the western states, including Colorado (Mayland et al., 1994) , can become a source of plant-available Se when eroded (Presser, 1994) . Much of Fort Carson's area (about 56,000 ha) is located in an arid climate in the Arkansas River drainage basin of southeastern Colorado where military activities and natural erosion leading to land disturbance can potentially permit oxidation and plant uptake of Se at levels exceeding those for biological concern.
Accumulation of Se in plants can vary depending on plant species, soil Se content, and availability of soil Se species (Mehra and Farago, 1994) . The processes leading to Se availability and plant uptake from soils are numerous, interrelated and variable (Skinner, 2001) , and need to be considered when analyzing the distribution of plant Se in the Fort Carson environment. However, Se uptake by different plant species is not always dependent on total Se concentration in soils (Arvy 1992) ; but plants grown in high-Se soils can and generally do have greater Se uptake (Arvy 1992, Feist and Parker, 2001) . In fact, some plants can take up and accumulate Se at very high concentrations, with certain plants capable of bioaccumulating over 1,000 mg Se/kg. These plants, typically known as Se accumulators or hyperaccumulators, are also sometimes called Se indicators because where they grow may signify where soils tend to have Se levels greater than the critical soil Se level. Non-accumulator plants generally do not take up high levels of Se, or they take up Se at levels much lower than the critical level for Se in plants. Nonetheless, non-accumulator plants sometimes even grow in close proximity to Se accumulator plants.
Although Se is required in small amounts for adequate animal nutrition, the distinction between healthy and lethal doses falls within a narrow range. Recognized suitability levels for concern are based on animal consumption over an extended period of time, with the critical level of concern for plants being greater than 5.0 mg Se/kg (NRC-NAS 1976 , 1983 . The suitability limit recommended for soils that can potentially support growth of seleniferous plants is generally within a range from 0.3-0.8 mg Se/kg extracted using AB-DTPA or hot water (with CaCl 2 ) solutions (WDEQ-LQD, 1984 , updated 1996 . Our study used an average value of > 0.5 mg/kg phosphate (K 2 HPO 4 ) extractable Se for the critical suitability level for soils, while recognizing the potential for Se in soils at either end of the range to also be of concern.
While no current incidents at Fort Carson have suggested that problems exist with respect to excessive Se consumption in animals, research was conducted in an effort to protect ecosystems within the military environment and surrounding lands. Decisions for land use planning strategies to control Se consumption by animals required characterization of the Se distribution on the military installation, and identification of locations where Se concentrations in plants exceed the vegetation suitability limits for concern. The objective of this study was to incorporate field data from as much of the installation as possible into a geographic information system (GIS) to identify zones where potentially seleniferous plants might occur. This information would be helpful in evaluating whether there is any significant environmental concern for Se consumption by wildlife.
Materials and Methods

Site Description
Fort Carson's topography is characterized by the southern Rocky Mountain foothills at its northwest boundary with several small tree-lined streams that flow through watersheds toward the High Plains grasslands on the eastern half of the installation (Figure 1 ). Large areas of seleniferous soils at Fort Carson occur primarily within the eastern half of the installation, around the perimeter of the large impact zone, and within several small areas within the southwestern corner of the base (Skinner and Vance, 2001) . Sites exhibiting seleniferous trends primarily include those with Heldt clay loam soils formed on Quaternary age Piney Creek alluvium (unconformity, underlain by Cretaceous age Pierre shale), fine-textured soils in lowlying positions (as opposed to coarse upland soils), and in one watershed transect with increasing soil depth and distance downslope (Skinner and Vance, 2001 Figure 1 ) were located in a majority (32 out of 43) of the descriptive mapping unit designations that represented 98.6% of the entire study area (Skinner and Vance, 2001) . Those units containing larger portions of the study area or that were distributed throughout the entire area were more intensely sampled. clipping to approximate species contribution to total production.
Plant and soil Se concentrations were determined as follows. Plant samples were dried in glass beakers at 50 o C for 24 to 48 hours and ground to <40-mm. Each 0.500-gram plant sample was digested in 10-ml conc. HNO 3 and 2-ml conc. HClO 4 . Samples were digested for 2 hours at 100 o C on an aluminum block digester, then cooled and brought to a final volume of 35-ml with deionized-distilled water (Steward et al., 1994) . Soil samples from each site were collected in increments of 0-25, 25-50, 50-75 and 75-100 cm depths (Skinner and Vance, 2001 ). Air-dried, 2-mm samples were extracted with 1.0-M di-basic phosphate (K 2 HPO 4 ) (Spackman et al., 1994) .
A 3-ml aliquot of either plant digest or soil extract was placed into a 50-ml plastic centrifuge tube, to which 12-ml deionized-distilled water and 1-ml 30% H 2 O 2 were added. Tubes were HCl to each sample. The samples were removed to cool for 12 hours. Each sample was then analyzed for Se concentration using hydride generation-atomic absorption spectrometry (HG-AAS) according to the methods of Steward et al. (1994) and Spackman et al. (1994) .
GIS Database Queries and Analyses.
Selenium concentration data for plants and soils were tabulated in a database that was attached to the GIS sampling site layer in ArcView ® , permitting database queries and identification of trends in distribution. Queries of the data were performed to identify polygons containing sites with plant Se concentrations greater than or equal to the critical 5.0 mg/kg level for plants. A query was performed for each of the four sampled plant types (i.e., grasses, forbs, shrubs and trees) to determine the extent to which each type contributed to the overall distribution of seleniferous vegetation and trends relative to the seleniferous vegetation types, soils and geologic formations. Using the soils, geology and vegetation characteristics described for each site, additional unsampled polygons were selected and added to the map as a representative projection, or extrapolation, of the potential for there to be seleniferous vegetation throughout the entire study area.
Results and Discussion
All but 11 descriptive mapping unit code combinations were sampled, including one "Grass", five "Shrub", and five "Tree" units. The total unsampled area was 629 ha, or only 1.4% of the "described" study area, hereafter called the study area. Therefore, although we did not sample every unit, our site selection represented about 99% of the land at Fort Carson with GIS attributes necessary for the development of descriptive mapping units.
Plant Selenium Distributions
Plants collected at Fort Carson exhibited a relationship that indicated Se concentrations decreased in the order of forbs > shrubs > grasses > trees (Table 1) . Out of 92 sampling sites, composite specimens included 90 forb, 72 shrub, 70 grass and 27 tree samples. Overall, the majority (about 75%) of the composite samples were nonseleniferous, regardless of plant type.
Of the seleniferous samples, forbs represented the highest percentage (38%) of the total analyzed and were contained in an area of about 28% of the Fort Carson study area. By comparison, seleniferous grasses represented an area of about 27%, and seleniferous shrubs represented an area of only about 5% of the study area.
Typical forbs in composite samples included beardtongue, curly-cup gumweed, scarlet globemallow, gaura, goatsbeard, golden aster, goldenweed, locoweed, milkvetch, stoneseed, yellow sweet clover and others. Typical composite shrub samples included currant, Gambel oak, rabbitbrush, sagebrush, saltbush, sumac, sunflower, tansy mustard, tamarisk or salt cedar, wild rose, yucca and others. Annual grass samples, not noticeably present at study sites during year one -likely due to lower precipitation in the first year, were collected only during the second year. Typical grass species (whether perennial or annual) occurring in composite samples from sites with seleniferous grasses included blue grama, dropseed, needlegrass, ricegrass and western wheatgrass (Skinner, 2001) . Selenium levels in composite perennial grass samples were higher than composite annual grasses. Out of 27 tree materials sampled, including needles, leaves and cones, none were seleniferous, including samples collected from Colorado piñon pine, plains cottonwood, ponderosa pine, Rocky Mountain juniper and willow. Several forb, shrub and tree species were sampled individually ( Table 2) where goldenweed was listed in the species list for a particular site with plant Se levels >100 mg/kg, goldenweed could be suspected of contributing to elevated Se levels in that plant sample.
However, if the composite plant sample had Se levels > 1,000 mg/kg, a Se hyperaccumulator such as milkvetch would probably contribute to the high Se levels in the plant sample. Sampled units were distributed throughout most of the study area except for some portions along the western boundary that were dominated mostly by hills, trees and shrubs (see Figure 1 ).
For all vegetation types, the total area containing nonseleniferous plant samples was greater than the total area containing seleniferous plant samples (Table 3) . In all instances, seleniferous forb samples exceeded the number of seleniferous shrub and grass samples; the total area represented by the sampled and projected seleniferous areas were also greater for forb samples than shrub and grass samples. Both seleniferous and nonseleniferous units, as well as those identified as potentially seleniferous, were situated primarily within the eastern half of Fort Carson, along streams and creeks and within units of grass in the southwestern corner of the base (Figure 2) . (Ustolls) soil code had seleniferous vegetation, which was a forb, despite the lack of seleniferous soils ( Table 4 ). The greatest number of sampling sites with seleniferous vegetation occurred within the "2500" (Torriorthents and Ustalfs") and "3750" (Aridisols) soil code units, with seleniferous soils occurring primarily where formed on geology codes "2750" (Alluvium, Loess and Eolian Sands) and "6000" (Shales). 
Plant and Soil Selenium Distribution in Relation to Land Disturbance
Land disturbances were identified as conditions that could lead to potential weathering of soils and geologic materials, thus permitting release of Se into the plant environment.
Categorization of field notations resulted in ten groupings of land disturbances. "Animal" disturbances included evidence of tracks, grazing or burrows. "Burn" disturbances were areas appearing to have a burn history. "Geologic" disturbances constituted locations where sites were situated near active landslides, where fragmented geologic materials were exposed to weathering elements at the soil surface, or in shale materials. "Military" land disturbances incorporated areas used for military activities, primarily with the use of heavy equipment and vehicles, tank roads, or where sites were located in close proximity to impact zones. Past or present "Quarrying" activities were considered land disturbances. "Revegetated" or seeded areas represented areas that had been disturbed at some time in the recent past and revegetated.
"Road" disturbances included road cuts or sites located in close proximity to dirt roads. "Water" disturbances incorporated areas that could be influenced by water erosion, and sediment transport or deposition, including streams and erosion control ponds. Other areas of "Unknown" disturbance accounted for field notations for sites identified as "disturbed", but that did not reference disturbance classification.
Out of 92 sampling sites, 71 had disturbed soils, with a total of 38 sites having one or more types of land disturbance and either a combination of seleniferous plants and soils, only seleniferous plants, or only seleniferous soils. Of the sampled sites, most seleniferous plants and soils occurred on lands disturbed by military activities (ten sites) and/or by geological factors (eight sites), but only about half of these sites supported seleniferous plants and/or soils. The majority of these sites contained surface materials that were loose and could easily be eroded or exposed to atmospheric conditions (e.g., shales).
Of the 21 sites that were not on disturbed lands, only three had either seleniferous plants and/or soils, so almost all of the sites on non-disturbed lands were not seleniferous.
Consequently, there is a greater likelihood for seleniferous plants and soils to occur on disturbed lands in Fort Carson, but disturbed lands are not always a necessary requirement for such selenium occurrences. Therefore, because there was no evident trend in Se uptake based on land disturbance or geologic materials alone, this suggests plant species and/or water availability are more likely factors in Se uptake than land disturbance only.
Plant Se Uptake, Plant Productivity, Water Availability and Potential Environmental Impacts
In the Fort Carson study area, highly productive areas primarily occur in lowland riparian areas, i.e., those areas along creeks and streams in floodplains of the northern part of the study area where water is available to support abundant plant growth in an otherwise arid environment.
Not only is Se transport from seleniferous soils and sediments increased due to erosion and water transport processes, but also plant-available Se species would dominate in those types of environments.
Estimation of the mean Se uptake per plant biomass and percent cover by plant type per hectare show a mean forb Se uptake of 3.0 kg/ha, followed by grasses with 0.50 kg/ha and shrubs with 0.20 kg/ha. Forbs had higher potential Se uptake per hectare than grasses or shrubs, but the percent cover by forbs was about three times less than that of grasses. Grasses had the highest percentage of plant cover (57%) throughout the study area. Yet, although the area containing seleniferous grasses was close to that of seleniferous forbs, the potential for Se hazards contributed by grasses was discounted by the lower mean plant Se uptake per hectare for grasses compared to forbs.
Composite plant productivity totals for the 92 sampling sites included 58 sites with biomass < 500 kg/ha, 29 sites with biomass from 500 -999 kg/ha, and five sites with biomass > 1,000 kg/ha (Skinner, 2001) . Sites with biomass < 500 kg/ha encompassed the majority of the sampled area, or 15,500 ha including a large portion of the southwestern corner, several smaller areas of the southeastern corner and some small areas within floodplains of the northern half of the study area ( Figure 2 ). The area containing sites with biomass from 500 to 999 kg/ha constituted 4,117 ha including a large grassland area in the southwestern quarter, a few areas along the southeastern boundary, and some areas within floodplains of the northern half of the study area.
The five sites accounting for 1,000 ha with biomass > 1,000 kg/ha included an area south of the large impact zone extending to the eastern boundary, as well as areas north of the large impact zone along Little Fountain Creek and adjacent floodplains.
Many of the areas with productivity > 1,000 kg/ha (Figure 3a ) contained sites with seleniferous plants and soils (Figures 3b) , particularly those areas within the eastern half of the study area. Fewer areas with productivity > 500 kg/ha exhibited a similar trend, except for the large grassland unit within the southwestern portion of the study area, and a few smaller units in the eastern half of the study area. Only a few of the areas with < 500 kg/ha productivity contained sites with seleniferous plants and/or soils.
Some of the forbs listed on plant inventories that could be part of the composite samples include beardtongue, curly-cup gumweed, scarlet globemallow, guara, goatsbeard, golden aster, goldenweed, locoweed, milkvetch, stoneseed and yellow sweet clover. Beardtongue, curly-cup gumweed, scarlet globemallow, goldenweed, locoweed and milkvetch are all known to be or are suspected to be Se accumulators (Stubbendieck et al. 1991) . The individual plant samples of goldenweed and milkvetch were seleniferous; seleniferous composite forb samples could have included any of the above.
Of greatest potential environmental concern at Fort Carson would be the most productive areas that offer important shelter, nest sites and food for diverse animal populations, some of which almost exclusively breed in riparian areas (Mutel and Emerick, 1992) . Included among these are species of insects, migrating birds, waterfowl (e.g., geese, ducks and grebes), shore birds (e.g., herons, including blue herons, egrets, and rails), gulls, predators (e.g., hawks and owls), and reptiles and amphibians (e.g., salamanders, frogs, toads, turtles, garter snakes, bullsnakes, and water snakes). Cases of biological impact in California and Wyoming included low hatch rates and other reproductive failures in birds, waterfowl, fish, amphibians, insects and mammals (Hogan and Razniak, 1991; Welsh and Maughan, 1994; O'Toole and Raisbeck, 1995; Raisbeck et al., 1996) . Palatability of vegetation is a primary concern for protection of wildlife. Seleniferous composite plant samples consisted primarily of forbs and shrubs, with relatively few composite grasses and no tree samples that were seleniferous. Several seleniferous individual forb and shrub samples collected from within highly productive areas at Fort Carson included blackbrush, daisy, goldenweed, silver sagebrush, saltbush, shadscale, milkvetch and young leaves of yucca, which are generally palatable (Stubbendieck et al., 1991; Dorn, 1992) . While daisy and goldenweed are only somewhat palatable to livestock, blackbrush can be important winter forage for cattle, sheep, deer and other game animals because its leaves are generally persistent, and sometimes evergreen; silver sagebrush is important forage, particularly in the fall and winter.
Four-wing saltbush is one of the most valuable forages of arid sites due to its abundance, accessibility, size, large volume of forage, evergreen habit, high palatability, and nutritive value, and is grazed by cattle, sheep, goats and deer. Shadscale is palatable to all classes of livestock, is grazed during all seasons of the year, and is particularly important in the winter due to its abundance; sharp spines on its branches, however, generally discourage its use as forage unless moist weather softens them. Yucca is mainly grazed when young leaf tips and flowers are present, however cattle and deer are attracted to its sweet juices and may pull the leaves to chew on the lower portions of the plants. Out of the numerous milkvetch species, some of which are not Se accumulators, many are not palatable to rangeland animals. Two-grooved milkvetch, the Se hyperaccumulator species collected at our sampling sites and often recognized as being poisonous, has questionable palatability, but is consumed either inadvertently or if other palatable vegetation is not available.
CONCLUSIONS
Selenium contents of composite plant samples at Fort Carson followed the order: forbs > shrubs > grass > trees, with no tree samples containing > 1 mg Se/kg. Predictions of seleniferous areas for both forbs and shrubs were quite similar, indicating that Se uptake by forbs and shrubs could follow similar patterns. Forbs and shrubs had higher Se contents than grasses, suggesting rooting structures, together with water availability, could partially account for these results.
Differences in rooting depth in plants probably influenced the occurrence of seleniferous vegetation on nonseleniferous surface soils, potentially allowing the plant to access seleniferous subsurface waters or soils.
Plant samples that were seleniferous, either sampled individually or as composite samples, included beardtongue, blackbrush, curly-cup gumweed, daisy, goatsbeard, golden aster, goldenweed, locoweed, prince's plume, sagebrush, saltbush, scarlet globemallow, shadscale, two-grooved milkvetch and yucca. Many of these can be palatable to wildlife habitating highly productive wetland-raparian areas. Nonseleniferous individual plant samples included cottonwood, piñon pine, ponderosa pine, rabbitbrush, Rocky Mountain juniper, saltcedar, willow and yellow sweet clover.
Based on similarities in soil, geology and vegetation, close to 40% of the total study area had the potential to support forbs, shrubs and/or grasses with > 5.0 mg Se/kg. The majority of the areas containing seleniferous plants occurred within the eastern half of the study area, which is in the same areas identified with seleniferous soils, and in areas where soils had formed on
Cretaceous shale geologic materials. Soils in low-lying positions of watersheds or along streams and creeks are potential sources of seleniferous plants and soils, particularly those with Heldt clay loam soils formed on Piney Creek alluvium underlain by Cretaceous age Pierre shale.
Seleniferous plants and soils occurring along streams and creeks were among some of the most productive areas sampled at Fort Carson. The data show forbs have the greatest potential for Se uptake; extrapolations based on highly productive areas and projected areas, together with mean Se uptake by each plant type, suggest forb Se uptake would have the greatest effect on the study area. Factors such as differences in plant species and rooting depth, topography and depth of overlying alluvium, and proximity to water should be considered when estimating plant Se uptake across a landscape. There was no evident trend in Se uptake based on land disturbance or geologic materials alone suggesting plant species and/or water availability are more likely factors in Se uptake than land disturbance only.
